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A substrate undergoes a semiconductor fabrication process
at different temperatures 1n a reactor without changing the
temperature of the reactor. The substrate 1s held suspended
by flowing gas between two heated surfaces of the reactor.
Moving the two heated surfaces 1n close proximity with the
substrate for a particular time duration heats the substrate to
a desired temperature. The desired temperature 1s then
maintained by distancing the heated surfaces from the
substrate and holding the heated surface at the increased
distance to minimize further substrate heating.
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METHOD FOR THE HEAT TREATMENT OF
SUBSTRATES

REFERENCE TO RELATED APPLICATIONS

This application i1s related to U.S. application Ser. No.
10/151,207, METHOD AND DEVICE FOR THE HEAT

TREATMENT OF SUBSTRATES, filed May 16, 2002; U.S.
application Ser. No. 10/186,269, METHOD AND APPA-
RATUS FOR THE TREATMENT OF SUBSTRATES, filed
Jun. 27, 2002; U.S. application Ser. No. 10/141,517, TEM-
PERATURE CONTROL FOR SINGLE SUBSTRATE
SEMICONDUCTOR PROCESSING REACTOR, filed
May 8, 2002; and U.S. application Ser. No. 10/410,699,
TEMPERATURE CONTROL FOR SINGLE SUBSTRATE
SEMICONDUCTOR PROCESSING REACTOR, filed Apr.
8, 2003.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to semiconductor pro-
cessing and, more particularly, to the heat treatment of
substrates, ncluding semiconductor waters or flat panel
displays.

2. Description of the Related Art

Reactors which can process a substrate while suspending
or tloating the substrate without directly mechanically con-
tacting the substrate, e.g., by floating the substrate on gas
cushions, have relatively recently been developed for semi-
conductor processing. These reactors may be called floating
substrate reactors and such a reactor 1s commercially avail-
able under the trade name Levitor® from ASM Interna-
tional, N.V. of Bilthoven, The Netherlands.

In the Levitor® reactor, which 1s also described in U.S.
Pat. No. 6,183,565 B1, a substrate, such as a water, 1s
supported by two opposite gas flows emanating from two
heated and relatively massive reactor blocks located on
opposite sides of the substrate. The boundary surfaces of the
reactor blocks facing the waler are substantially flat and a
small gap of less than about 1 mm 1s typically maintained
between each block and the corresponding wafer surface.
The small gap results in a particularly rapid heat transfer
from the heated blocks to the water by conduction through
the gas. The heat-up of the water 1s thus very uniform, as the
waler 1s not mechanically contacted during the heat treat-
ment. In comparison, where a transport arm transports a
substrate into the reactor and then continues to support the
substrate during processing, mechanical contact during pro-
cessing by support fingers of a transport arm results 1n cold
spots on the water during heat-up at the contact positions
with the support fingers, as the support fingers represent
extra thermal mass that needs to be heated and that locally
slows down the heat-up rate. Alternatively, where a substrate
1s transported to the reactor and then handed off to support
pins that remain 1n the reactor after processing, mechanical
contact during processing by those support pins results 1n
hot spots on the waler at the contact positions when the
waler 1s handed-oil and contacts the support pins. Also, by
floating a substrate during processing, thermal stresses,
possibly resulting in crystallographic slip, are advanta-
geously avoided.

A method utilizing a floating substrate reactor, such as the
Levitor® reactor, to achieve a high degree of reproducibility
in the thermal treatment for a series of substrates, which are
successively treated one by one, 1s described 1 U.S. Patent
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Feb. 6, 2003, and assigned to ASM International, N.V. In
that method, the temperature 1s measured close to the
boundary surface of a reactor block so that withdrawal of
heat from the reactor block by the placement of a relatively
cold substrate 1n the reactor 1s measured at that boundary
surface. The reactor block 1s typically continuously heated
and the cold substrate 1s placed 1n the vicinity of the reactor
block only after the reactor block has reached a desired
temperature, as measured at the boundary surface. The cold
substrate typically will absorb heat and reduce the tempera-
ture of the reactor block. The substrate 1s then removed after
processing and before the temperature of the continuously
heated reactor block rises to the desired temperature again.
After the temperature of the reactor block rises to the desired
temperature, another substrate 1s placed in the vicinity of the
reactor block.

An advantage of reactors such as the Levitor® reactor 1s
that the relatively massive reactor blocks of the reactor act
as thermal “fly-wheels,” resulting 1n a very stable tempera-
ture and reproducible performance. Ideally, for the most
cllicient operation, the reactor has a constant temperature
set-point all the time.

Different process requirements, however, may require
different treatment temperatures. From a semiconductor
fabrication operatlon point of view and the standpoint of
process efliciency, one thermal treatment reactor should be
able to perform these different processes. However, chang-
ing the temperature of reactors such as the Levitor® reactor,
and cooling-down the reactor, 1n particular, 1s a very time-
consuming process that can negatively influence the appli-
cability of such a reactor for performing sequences of
processes requiring different process temperatures.

Accordingly, 1t 1s an object of the present invention to
provide an improved method for thermally treating a sub-
strate 1n a floating substrate reactor at diflerent temperatures.

SUMMARY OF THE

INVENTION

According to one aspect of the invention, a method 1s
provided for the thermal treatment of a planar substrate. The
method comprises providing a reactor having one or more
furnace bodies, the one or more furnace bodies each having
a substantially flat boundary surface. The one or more
furnace bodies are heated to a predetermined furnace body
temperature. The substrate 1s placed adjacent to and essen-
tially parallel to the one or more furnace bodies such that a
planar surface of the substrate faces the boundary surface of
cach of the one or more furnace bodies. The substrate 1s kept
adjacent to the boundary surface of each of the one or more
furnace bodies during a heat-up time to allow the substrate
to heat up to a substrate temperature, wherein the substrate
temperature 1s less than the furnace body temperature by
about 20° C. or more. Subsequently, the substrate 1s removed
from the substrate from the reactor while the substrate
temperature 1s still less than the furnace body temperature of
cach of the one or more furnace bodies by about 20° C. or
more.

According to another aspect of the invention, a method 1s
provided for thermally treating a substrate. The method
comprises providing a {irst heated surface at a first tempera-
ture and a second heated surface at a second temperature,
where the first heated surface 1s positioned facing the second
heated surface. A substrate 1s also provided between the first
and the second heated surfaces. The substrate 1s heated to a
desired substrate temperature, which 1s less than the first and
the second temperatures. The transference of heat between
the substrate and the first and the second surfaces 1s reduced
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alter heating the substrate to the desired substrate tempera-
ture. The reduction in heat transference occurs without
reducing the set-point temperature for the first surface or the
set-point temperature for the second surface. After reducing
the transierence of heat, the substrate 1s maintained between
the first and the second heated surfaces to perform a semi-
conductor fabrication process.

According to yet another aspect of the invention, a
method 1s provided for semiconductor processing. The
method comprises conductively heating a first thermal treat-
ment substrate 1n a reactor to a first thermal treatment
temperature by positioming the first thermal treatment sub-
strate 1n close proximity to a heated reactor surface. The first
thermal treatment temperature 1s less than the temperature of
the heated surface. The first thermal treatment substrate 1s
then substantially maintained at the first thermal treatment
temperature for a first holding period in the reactor. The
method further comprises conductively heating a second
thermal treatment substrate 1n the reactor to a second tem-
perature higher than the first thermal treatment temperature
by positioning the first thermal treatment substrate 1n close
proximity to the heated reactor surface. The second thermal
treatment substrate 1s then substantially maintained at the
second temperature for a second holding period i the
reactor. The reactor 1tself 1s configured to conductively heat
only one substrate at a time. It will be understood that the
second treatment can precede or succeed the first treatment.

According to another aspect of the invention, a heat
treatment apparatus for processing a plurality of substrates.
The apparatus comprises two furnace bodies which are
opposite each other and separated by a separation distance.
Each furnace body has a boundary surface oriented to face
a substrate upon positioning of the substrate 1n the heat
treatment apparatus for heat treatment. The furnace bodies
are movable relative to each other. Each furnace body also
has a furnace body temperature. The apparatus also com-
prises one or more heaters configured to heat each furnace
body to i1ts furnace body temperature. The apparatus i1s
configured to be able to treat a substrate at either a {first
treatment temperature or a second treatment temperature,
where the heater has a substantially constant set-point during,
treatment whether the substrate 1s at the first treatment
temperature or the second treatment temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be better understood from the detailed
description of the preferred embodiments and from the
appended drawings, which are meant to illustrate and not to
limit the invention, and wherein:

FIG. 1 shows, diagrammatically, the loading of a substrate
into an exemplary tloating substrate reactor, with the reactor
shown 1n an open position, in accordance with preferred
embodiments of the invention;

FIG. 2 shows, diagrammatically, the treatment of a sub-
strate 1n an exemplary floating substrate reactor, with the
reactor shown 1n a closed position, 1n accordance with
preferred embodiments of the mvention;

FIG. 3 shows, diagrammatically, the treatment of a sub-
strate 1n an exemplary floating substrate reactor, with the
reactor shown 1n an open position, 1 accordance with
preferred embodiments of the mvention;

FI1G. 4 shows the calculated heat-up of a substrate placed
symmetrically between two reactor bodies maintained at
250° C., at various reactor body-to-substrate spacings;
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FIG. 5 shows the calculated heat-up of a substrate placed
symmetrically between two reactor bodies maintained at
450° C., at various reactor body-to-substrate spacings;

FIG. 6 shows the variations over time in thermal treatment
temperature for a reactor body temperature of 250° C., under
various conditions, including differing spacings for differing
lengths of time;

FIG. 7 shows the variations over time 1n thermal treatment
temperature for a reactor body temperature of 450° C., under
various conditions, including differing spacings for differing
lengths of time;

FIG. 8 shows, schematically, the sequence of events 1n an
exemplary thermal treatment process, 1n accordance with
preferred embodiments of the invention; and

FIG. 9 shows, schematically, an exemplary floating sub-
strate reactor in which parts of an arm for transporting a
substrate remain in the reactor during processing.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

According to preferred embodiments of the invention, a
method 1s provided for processing a substrate at diflerent
temperatures without needing to change the temperature
set-point of the reactor in which processing occurs. Rather
than altering the temperature of the reactor, the temperature
of the substrate 1s controlled by varying the amount of heat
energy recerved by the substrate. In the illustrated embodi-
ments, the substrate 1s positioned 1n close proximity with at
least one heated body or surface of the reactor and heating
to a desired temperature 1s accomplished by, e.g., holding the
substrate 1n close proximity with the heated surface for a
predetermined time. Preferably, there are two heated bodies,
also referred to as furnace bodies, facing each other and the
substrate 1s positioned between the two heated bodies.
Heating preferably principally occurs by heat conducted
from the heated bodies to the substrate through a process gas
and to a lesser extent by radiation. After being heated to the
desired temperature, the heat energy received by the sub-
strate 1s decreased to minimize further heating of the sub-
strate and, preferably, to prevent the substrate from signifi-
cantly deviating from the desired temperature.

In one preferred exemplary embodiment, the decrease 1n
thermal conduction occurs by increasing the distance
between the substrate and the heated bodies. In another
preferred exemplary embodiment, the decrease in thermal
conduction 1s brought about by decreasing the thermal
conductivity of the process gas, with or without increasing
the distance between the substrate and the heated bodies. In
some embodiments, the temperature of the heated bodies
and the increased distance and/or the thermal conductivity of
the process gas are chosen such that the temperature of the
substrate 1s relatively stable when the heat energy trans-
ferred to the substrate i1s decreased. Advantageously, the
decrease in thermal conductivity allows the substrate to
undergo a semiconductor fabrication process, such as an
anneal, at a reduced temperature relative to the furnace
bodies during the time when the substrate 1s positioned
between the furnace bodies.

Preferably, processing of the substrate at the decreased
temperature 1s just one of two or more processes or process
steps to be performed 1n the reactor. In such embodiments,
the temperature of the heated bodies 1s preferably set at the
temperature ol the highest temperature process, e€.g., an
anneal. The temperature of the lower temperature processes
can preferably be achieved by use of low thermal conduction
between the substrate and the heated bodies for a hold time
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after the initial heat-up time, while the temperature of the
higher temperature process can be achieved by maintaining
high thermal conduction between the substrate and the
heated bodies during that entire process step, €.g., by having
a relatively small separation between the substrate and the
heated bodies or by tlowing a relatively high thermal con-
ductivity gas between the substrate and the heated bodies.
Preferably, the substrate 1s heated to about the temperature
of the heated bodies during the highest temperature process.
Thus, by varying the heat transierred to the substrate, the
substrate can be processed at varying temperatures without
requiring that the temperature of the reactor itself be
changed, providing tlexibility to use the tool.

Reference will now be made to the Figures, wherein like
numerals refer to like parts throughout.

While the preferred embodiments can be applied to other
reactors known to those of skill 1n the art, use of a floating
substrate reactor 1s particularly advantageous. For example
the reactor design illustrated in FIGS. 1-3 does not require
that a substrate 21 be mechanically supported during pro-
cessing; that is, the substrate 21 can be processed without
being directly contacted by a solid support. This enables
very uniform and rapid heating of the substrate 21 without
the cold spots that can occur in reactors where substrates are
mechanically contacted during a semiconductor fabrication
process. In addition, the upper and lower blocks 13 and 14
of the reactor 1 surrounding the substrate are preferably
relatively massive such that each has a high heat capacity
relative to the substrate 21, helping to stabilize the tempera-
ture of the substrate and minimizing the susceptibility of the
reactor 1 to temperature fluctuations upon loading and
unloading of the substrate 21 into the reactor 1. The basic
configuration of the reactor 1 1s available commercially
under the trade name Levitor® from ASM International,
N.V. of The Netherlands.

As shown 1n FIGS. 1 to 3, the heat treating apparatus of
the reactor 1 includes an upper block 13 and a lower block
14 that are 1n a housing 23. As shown 1n FIG. 1, the housing
23 1s pretferably provided with a flap 22 that can be opened
for loading and subsequently removing a substrate 21. The
lower block 14 and the upper block 13 can be moved
towards one another by lifting rods 27 and 28. Alternatively,
only one of the blocks 1s moveable.

The upper block 13 1s made up of a upper furnace body
130, an insulating jacket 131, a heating coi1l 132 arranged on
the mside of the insulating jacket 131, and an outer jacket
133. Similarly, the lower block 14 1s made up of a lower
furnace body 140, an insulating jacket 141, a heating coil
142 arranged on the 1nside of the nsulating jacket 141, and
an outer jacket 143. Preferably, each furnace body 130, 140
has a mass greater than 10 times the mass of a substrate for
which the reactor 1s designed to accommodate, more pret-
erably greater than 40 times the substrate mass.

The upper furnace body 130 1s preferably provided with
at least one temperature sensor 134 and the lower furnace
body 140 1s preferably also provided with at least one
temperature sensor 144. As described above, 1n one pre-
ferred arrangement, the temperature sensors 134, 144 are
arranged to measure temperatures close to the surfaces 146
and 148 of the furnace bodies 130, 140 that are adjacent to
the substrate 21.

In another arrangement, the upper furnace body 130 1s
also provided with a second temperature sensor 135 that 1s
arranged close to the side 147 of the upper furnace body 130
that faces away from the substrate 21. In a similar manner,
the lower furnace body 140 can be provided with a second
temperature sensor 145 arranged close to the side 149 of the
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lower furnace body 140 that faces away from the substrate
21. Process gases (including inert gases) are supplied both
from the upper furnace body 130 through openings 25 and
the lower furnace body 140 through openings 24. The gases
can be discharged through a discharge opening 26 formed 1n
the reactor housing 23.

The upper block 13 and the lower block 14 are preferably
moved apart before introducing the substrate 21 into the
reactor 1, as shown 1n FIG. 1. After the substrate 21 has been
introduced 1nto the reactor 1, the blocks 13 and 14 are moved
towards one another by lifting rods 27 and 28 1n such a way
that the distance between the substrate and the adjacent
surfaces 146 and 148 of the furnace bodies 130 and 140,
respectively, 1s preferably less than about 2 mm and more
preferably less than about 1 mm. In the 1llustrated embodi-
ment, as shown 1n FIG. 2, the substrate 1s held 1n a stable
position by gas streams 1ssuing from the openings 24 and 25,
without requiring further mechanical support. It will be
appreciated, however, that 1n other arrangements, support
structures such as support pins can be used to support and
space the substrate from the bodies 130 and 140. Moreover,
while 1llustrated as being symmetrically spaced from the
bodies 130 and 140, the substrate 21 can be spaced closer to
one or the other of the bodies 130 or 140 1n other arrange-
ments.

With reference to FIG. 2, the substrate 21 1s heated rapidly
after the blocks 13 and 14 are moved towards one another to
a closed position, with the substrate 21 accommodated
between them. According to one preferred embodiment, the
substrate 21 and the blocks 13 and 14 are held in these
relative positions for only a short heat-up time. Preferably,
during the heat-up time, the substrate 21 1s only partially
heated-up; that 1s, the heat-up time 1s not long enough for the
substrate 21 be heated to the temperature of the furnace
bodies 130 and 140, so that, at the end of the heat-up time,
the temperature of the substrate 21 1s still lower and,
preferably substantially lower (e.g., by greater than about
10° C.), than the temperature of the furnace bodies 130 and
140. It will be appreciated that the furnace bodies 130 and
140 can be at different temperatures, in which case the
temperature of the substrate 21 1s preferably lower than the
temperatures of both the bodies 130 and 140. More prefer-
ably, the temperatures of the bodies 130 and 140 are
approximately equal. After the heat-up time, the temperature
of the substrate 21 1s preferably less than the higher of the
temperatures of the bodies 130 and 140 by about 20° C. or
more, more preferably, by about 50° C. or more and, most
preferably, by about 100° C. or more. Advantageously, by
heating the substrate 21 to these levels or to even lower
temperatures than those indicated by these levels, substrate
heating can be more rapid than 11 the block(s) were set at the
desired substrate temperate and the temperature of the
substrate 21 can be adequately maintained when the thermal
conduction between the substrate 21 and the bodies 130 and
140 1s decreased, as discussed below.

As shown 1 FIG. 3, after the heat-up time, the blocks 13
and 14 are preferably moved away from each other and the
distance between the substrate 21 and the adjacent surfaces
146 and 148 of the furnace bodies 130 and 140, respectively,
increases again. After moving the blocks 13 and 14 away
from each other, the substrate 21 can immediately be trans-
terred out from between the blocks 13 and 14 to a cool-down
position for cooling. Alternatively, the substrate 21 can be
held between the blocks 13 and 14 while they are in the
moved apart or open position for an additional hold time
before transferring the substrate 21 out from between the
blocks 13 and 14 to a cool-down position. During this hold
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time the substrate 21 may further heat up slightly. However,
heat transier by conduction 1s inversely proportional to the
length of the heat conduction path. By increasing the dis-
tance between the substrate 21 and the furnace bodies 130
and 140, the heat transfer between the substrate 21 and
tfurnace bodies 130 and 140 decreases.

The effect of terminating the heat-up of a substrate, in

particular, a water, before the waler reaches the temperature
of the heated furnace bodies 1n a reactor such as that shown
in FIGS. 1-3 has been calculated and the results are shown
in FIGS. 4 to 7. In particular, FIG. 4 shows the results of a
simulation of the heat-up of a silicon water when 1t 1s placed
in a floating substrate reactor. In particular, the wafer 1s
placed between and parallel to two furnace bodies having
planar boundary surfaces facing opposite planar surfaces of
the water. Heat-up curves were simulated for a water placed
equidistantly between the two furnace bodies at a number of
different distances, ranging ifrom about 0.15 to 9 mm.
In the simulation, heat transfer by both radiation and
conduction through the gas present between the water and
the furnace bodies 1s taken into account. The gas in the
simulation 1s mitrogen at atmospheric pressure. Heat transfer
by conduction from the furnace body to the water i1s pro-
portional to the temperature diflerence between the furnace
body and the wafer and imnversely proportional to the length
of the conduction path, 1.e., the distance between the wafer
and the furnace body. Hence, for small distances the heat
transfer by conduction 1s very high. As heat transfer by
radiation 1s proportional to the fourth power of the tempera-
ture, at relatively low furnace body temperatures, e.g., below
600° C., the heat transfer by radiation is relatively low.

At t=0 the distance between the wafler and each of the
furnace bodies 1s about 9 mm for all stmulations. From =0
to t=1 s the distance between the waler and the furnace
bodies 1s reduced, if applicable, by moving the furnace
bodies toward each other. It can be seen from FIG. 4 that, for
the larger distances, even after 120 seconds the substrate
temperature still significantly deviates from the furnace
body temperature of 250° C.

In FIG. 5, the results are shown for a furnace body where
the temperature has been raised to 450° C. In this case, the
heat-up for large distances 1s somewhat faster as heat
transfer by radiation is now more significant due to the
higher furnace body temperature. Nevertheless, for larger
distances the substrate temperature still significantly devi-
ates from the furnace body temperature of 450° C. after 60
seconds.

In FIG. 6, three different heat treatment procedures are
simulated for furnace bodies (FIGS. 1-3) at temperatures of
250° C. In the first, conventional procedure, indicated by
Curve “a,” a waler 1s placed between t=0 and t=1 s 1n
between and adjacent to the two furnace bodies, at a spacing,
of about 0.15 mm to each one of the furnace bodies. Then
the wafer 1s kept 1n this position for 13 seconds, from t=1 to
t=14 s. In the next second, from t=14 to t=135 s, the distance
between the water and each of the furnace bodies 1s
increased from about 0.15 mm to 9 mm by moving each one
of the furnace bodies away from the water. Subsequently,
from t=15 to t=18 s, the water 1s removed {from between the
tfurnace bodies and placed adjacent to a cooling body outside
the illustrated reactor 1 (FIGS. 1-3). It can be observed from
FIG. 6 that at t=14 s, the waler has nearly assumed the
temperature (within about 2° C.) of the furnace body.

In the second procedure, indicated by Curve “b,” process-
ing 1s performed according to the preferred embodiments.
During the heat-up time, the water 1s spaced about 0.15 mm
from the furnace bodies for only about 3 seconds, from t=1
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to t=4 s. During these 3 seconds, the wafer heats up to about
180° C. Then, 1n the next second, from about t=4 to t=5 s,
the distance between the waler and each of the furnace
bodies 1s 1ncreased to about 9 mm. The water and furnace
bodies are held in this position for a holding time of 10
seconds, from about =5 to t=15 s. During this additional
holding time, water heat-up continues but 1s substantially
slower than before and the final waler temperature increases
about 15° C. to about 195° C. Finally, the water is trans-
ported to the cooling body from about t=15 to t=18 s.

In the third procedure, indicated by Curve “c,” processing,
1s also performed according to the preferred embodiments.
During the heat-up time, the water 1s also spaced about 0.15
mm from each of the furnace bodies. In this case, however,
the heat-up has been reduced to less than 3 second, to about
1.5 seconds in this case. The holding time 1s increased
correspondingly to less than about 12 s, to about 11.5 s, so
that the sum of the heat-up time and the holding time 1s the
same as that of the first and second procedures. For this third
procedure, however, the waler temperature after heat-up 1s
about 135° C. and, at the end of the holding time, the wafer
temperature has increased about 25° C., to about 160° C.
Thus, by utilizing the preferred embodiments, the heat-up of
a water 1s interrupted and a large variation in walfer process
temperatures can be achieved without having to change the
temperature of the furnace bodies or reactor.

As shown 1n FIG. 7, similar temperature simulations were
carried out for cases where the temperature of the furnace
bodies was 450° C. As 1n FIG. 6, Curve ““a” 1s conventional
procedure treatment procedure (where the waler reaches a
temperature within about 2° C. of the temperature of the
heated bodies) and Curves “b” and “c” are treatment pro-
cedures performed according to the preferred embodiments.
Again, the substrate 1s spaced about 0.15 mm from the
nearest furnace body during the heat-up period and about 9
mm from the nearest furnace body during the holding
period. Because of the higher initial temperature difference
between the wafer and the furnace body, relative to the
simulation represented by FIG. 6, the initial heat-up part of
Curves “a,” “b,” and “c” 1s steeper than the corresponding
curves of FIG. 6. Consequently, the heat-up times are
advantageously reduced in order to achieve a substantial
variation 1n wafer temperature. For example, the heat-up
times have been reduced to 1 and 2 seconds for Curves “b”
and “c,” respectively.

In addition, during the holding times, about 9 and 10
seconds, represented by Curves “b” and “c,” respectively, a
relatively greater heat-up of the waler occurs 1n comparison
to the cases represented mm FIG. 6. This 1s because heat
transier through radiation plays an increasingly larger role at
increasingly higher furnace body temperatures, as discussed
above. In this case, Curve “b” shows a rise in temperature
from about 300° C. to about 350° C., an increase of about
50° C. and Curve “c” shows a rise from about 225° C. to
about 300° C., an increase of about 75° C. Consequently, as
furnace body temperature increases, the rise in the tempera-
ture of the substrate over the target temperature at the end of
the heat-up time also increases. This trend can be amelio-
rated somewhat, however, by further increasing the distance
between the substrate and the furnace bodies, to further
decrease conductive heating of the substrate.

It will be appreciated that FIGS. 5 and 6 1llustrate exem-
plary heating curves using exemplary temperatures, sub-
strate to furnace body spacings, heat-up times and hold
times. As such, other combinations of temperatures, sub-
strate to furnace body spacings, heat-up times and hold times

are possible. For example, the substrate can be spaced less
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than about 0.15 mm from the furnace bodies during the
heat-up time or more than about 9 mm from the furnace
bodies during the hold time. Preferably, however, the sub-
strate 1s spaced less than about 2 mm and, more preferably,
less than about 1 mm from the furnace bodies during the
heat-up time. In addition, the substrate i1s preferably spaced
more than about 2 mm and, more preferably, more than
about 4 mm during the hold time. Moreover, the relatively
high temperature of the heated bodies advantageously allow
rapid heating of the substrate, such that the substrate can be
heated to a desired temperature 1n less than about 3 seconds,
while the reduced transfer of heat between the substrate and
the heated bodies allows for processing at roughly the
desired temperature, e.g., for about 5 seconds or more and,
more preferably, about 8 seconds or more.

A sequence of events 1n an exemplary embodiment of the
invention 1s shown schematically 1n FIG. 8, steps a) through
). In step a), the substrate 21 1s loaded 1n between upper
block 13 and lower block 14, the loading taking a time t,__ ..
During loading, blocks 13 and 14 are preferably 1n an open
position for receiving the substrate. In step b), the blocks 13
and 14 are moved towards each other from the open position
to a closed position, the movement to the closed position
taking a time t_,_ . Then the blocks remain in the closed
position during a time t,,,,_ ., during which rapid heat-up of
the substrate occurs, as shown 1n step ¢). According to the
preferred embodiments, the heat-up time t,_,, ., should be
selected to be short enough such that at the end of that time
the substrate temperature 1s still substantially lower, e.g., by
less than about 10° C., than the block temperature, as
discussed above. After the heat-up time has elapsed, the
blocks are moved away from each other to the open position
again, taking a time t, ., as shown in 8 d). The substrate 1s
kept 1n this position for a time t,_,, as shown 1n step e).
Finally, the substrate 1s removed from between the blocks,
the removal taking a titme t,_,__ ., as shown in step 8 1).

It will be appreciated that any of various methods known
in the art can be utilized to transport a substrate into the
reactor 1. For example, the substrate can be transported by
a support arm that places the substrate between the furnace
bodies 130, 140 and then retracts from between the furnace
bodies 130, 140.

In other arrangements, a substrate can be transported
between furnace bodies and the support arm, or parts of the
support arm can remain between the furnace bodies. In such
arrangements, the design of the furnace bodies can be
optimized for optimum temperature uniformity over the
substrate.

For example, 1n one exemplary embodiment, with refer-
ence to FI1G. 9, a Levitor® reactor having two furnace bodies
910, 920, configured for accommodating a substrate 930
therebetween 1s shown schematically. Preferably, the fur-
nace bodies 910, 920 are massive and the surfaces of the
furnace bodies 910, 920 facing the substrate 930 are as
perfectly planar as possible. However, during transport of
the substrate 930 towards the furnace bodies 910, 920, the
substrate 930 1s mechanically supported by the support
fingers 940. During processing, these fingers 940 are accom-
modated 1nto recesses 950 1n the lower furnace body 920. At
the position of the recesses 950, heat transport toward the
substrate 930 by conduction is locally limited due to the
relatively large distance between the surfaces of the furnace
bodies 910, 920 and the substrate 930. Advantageously, this
can be at least partly compensated for by providing elevated
areas 910 1n the furnace body 910 opposing the furnace body
920 having the recess 950, the elevated areas 910 located at
locations corresponding to the recesses 950. Because of the
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elevated areas 960, the distance between the substrate 930
and upper furnace body 910 locally decreases, resulting 1n
locally increased heat transter from the upper furnace body
910 to the substrate 930. In one example, the distance
between substrate 930 and the main surface of the furnace

body 910 during processing 1s about 0.15 mm and the height
h of the elevated area 960 i1s between about 0.05 and 0.10

mm. Preferably, the lateral sizes of the elevated areas
approximately match with the sizes of the portions of the
recesses overlapped by the water 930.

EXAMPL

(Ll

A silicidation process mvolving two anneals was carried
out. The first anneal of these two anneals was carried out
according to either a conventional anneal or to an anneal
according to the methods described herein and the results for
these two anneals were compared.

In the conventional first anneal, silicon wafers having a
nickel (N1) film on their top surface received an anneal 1n a
Levitor® reactor, commercially available from ASM Inter-
national, N.V. of Bilthoven, The Netherlands, with the
reactor blocks and furnace bodies at a constant temperature
of 350° C. The blocks remained 1n the closed position, with
the water at a distance of 0.15 mm from each of the reactor
blocks, for 18 seconds.

In the first anneal according to the methods described
herein, similar silicon wafers received an anneal i1n the
Levitor® reactor with the reactor blocks and furnace bodies
set at a temperature of 450° C. After introducing the water
into the reactor, the blocks remained 1n the closed position
for 2.6 seconds, which, according to the above described
temperature simulations, should give a wafter temperature of
about 340° C. Then the blocks were moved away from each
other so that the distance between the wafer and each of the
blocks was 9 mm and the waler was kept 1n this condition
for a holding time of 5 seconds.

During the first anneal of the waters Ni,51 1s formed 1n
those areas where the N1 1s 1n contact with silicon. After this
step, 1n a typical Integrated Circuit fabrication fabrication
process, unreacted Nickel 1s selectively removed from the
water by an etching process, leaving a pattern of N1,51 on
the waler 1n the areas where the silicon was exposed to Ni.
After selective removal of unreacted Ni a second anneal 1s
carried out to form low resistivity Ni1Si1. In this example, a
second anneal was carried out in the Levitor® reactor at
450° C. for 40 seconds. It will be appreciated that the second
anneal can be carried out in the same reactor as the first
anneal or it can be carried out 1 a different, but similarly
configured, reactor.

After the second anneal, the sheet resistance was 7.5
Ohm/sq. for the wafer that received a conventional first
anneal and 7.7 Ohm/sq. for the wafer that received the first
anneal according to the methods described herein. The
similarity 1n these results indicates that the methods dis-
closed herein are an etlective substitute for the conventional
anneal and allow the performance of a thermal treatment
where the temperature specified for the treatment 1s less than
the temperature set-point of the reactor.

It will be appreciated that other combinations of heat-up
times and hold times can be utilized to arrive at similar
results. In addition, as noted above, rather than using two
reactors set at two different temperatures, the same reactor
can be used for both the first and the second anneals, with
the reactor blocks and furnace bodies set at the temperature
of the higher temperature anneal. It will also be appreciated
that the substrate can be removed from the reactor for other
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processing, e€.g., for film deposition on the substrate or a
patterning process, 1n the time between the first and the
second anneals, and the second anneal can be performed on
a physically different water. Moreover, 1n other process
sequences, rather than performing two anneals on one walfer,
the same reactor can be used to process diflerent walers
requiring different anneal temperatures, so that the first
process or process step can be carried out on one wafer,
while the second process or process step can be carried out
on a different wafter undergoing a different process sequence.
Furthermore, the described reactor 1s capable of thermal
treatments beyond simple annealing, such as chemical vapor
deposition (CVD).

Although the preferred embodiments have been described
with a substrate tloatingly supported by gas streams between
two furnace bodies during the heat-up and hold times, the
embodiments of the ivention are not limited to such as
arrangement. For example, 1n other embodiments, the watfer
can be mechanically supported during the treatment. Thus,
in some embodiments, during the heat-up time, the wafer
can be supported on a furnace body or on support structures
such as pins and during the hold time the wafer may be
supported spaced from the furnace body on support struc-
tures also. In addition, the watfer can be heated using only
one furnace body and/or, during the hold time, the distance
between the substrate and one furnace body can be different
from the distance of the substrate to the other furnace body.

Moreover, various other arrangements are possible for
lowering the amount of heat transterred from the furnace
body or bodies. For example, instead of varying the distance
between the substrate and the furnace bodies to change the
heat transfer between the substrate and the furnace bodies,
the distance may be kept constant and the gas between the
substrate and the furnace bodies can be varied. In some
embodiments, during heat-up a high conduction gas, such as
He or H,, can be used and during the hold time a lower
conduction gas, such as N, or Ar, can be used. It will be
appreciated that the difference in thermal conduction
between He and N, 1s a factor of about 10. In other
embodiments, the distance between the substrate and the
furnace body or bodies can be increased and the lower
conduction gas can be used during the hold time to reduce
heat conduction. Advantageously, such embodiments can
turther reduce the heating that occurs during the hold time
and are particularly advantageous for minimizing further
substrate heating in relatively high temperature situations
such as that represented 1n FIG. 7.

In addition, 1t will be appreciated that, while illustrated
with two heated furnace bodies, only one heated furnace
body need be provided or heated. In such cases, heating 1s
principally due to heat transfer from the single heated body
and varying the heat transfer between the single heated body
and the substrate varies the temperature of the substrate.

Accordingly, 1t will be appreciated by those skilled 1n the
art that other various omissions, additions and modifications
can be made to the processes described above without
departing from the scope of the mvention. All such modi-
fications and changes are intended to fall within the scope of
the invention, as defined by the appended claims.

We claim:

1. A method for the thermal treatment of a planar sub-
strate, comprising;

providing a reactor having one or more furnace bodies,

the one or more furnace bodies each having a substan-
tially flat boundary surface;

heating the one or more furnace bodies to a predetermined

furnace body temperature;
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placing the substrate adjacent to and essentially parallel to
the one or more furnace bodies such that a planar
surface of the substrate faces the boundary surface of
each of the one or more furnace bodies;
keeping the substrate adjacent to the boundary surface of
cach of the one or more furnace bodies during a heat-up
time to allow the substrate to heat up to a substrate
temperature, wherein the substrate temperature 1s less
than the furnace body temperature of each of the one or
more furnace bodies by about 20° C. or more; and

subsequently removing the substrate from the reactor
while the substrate temperature 1s still less than the
furnace body temperature of each of the one or more
furnace bodies by about 20° C. or more.
2. The method of claim 1, further comprising holding the
substrate 1n a position facing each of the one or more furnace
bodies and lowering an amount of heat transier between the
one or more furnace bodies furnace body and the substrate
during a holding time after the heat-up time, wherein a
transfer of heat from each of the one or more furnace bodies
to the substrate 1s at a lower rate during the holding time than
during the heat-up time and wherein the temperature of each
of the one or more furnace bodies 1s unchanged.
3. The method of claim 2, wherein the heat up time 1s
about 3 seconds or less.
4. The method of claim 3, wherein the holding time about
5 seconds or more.
5. The method of claim 4, wherein the holding time about
8 seconds or more.
6. The method of claim 2, further comprising;:
placing a second substrate for a second thermal treatment
adjacent to and essentially parallel to the one or more
furnace bodies after removing the substrate; and

keeping the second substrate adjacent to the boundary
surface of each of the one or more furnace bodies
during a second heat-up time to allow the second
substrate to heat up to a second substrate temperature,
wherein the furnace body temperature 1s substantially
unchanged.

7. The method of claim 6, wherein the second substrate 1s
the substrate that was removed from the reactor while the
substrate temperature was still less than the temperature of
cach of the one or more furnace bodies by about 20° C. or
more.

8. The method of claim 2, further comprising:

admitting a gas between each of the one or more furnace

bodies and the substrate during the heat-up time and the
holding time, and

wherein lowering the amount of heat transfer comprises

increasing a distance between the substrate and each of
the one or more furnace bodies, wherein a distance
between the substrate and each of the one or more
furnace bodies during the heat-up time 1s smaller than
a distance between the substrate and each of the one or
more furnace bodies during the holding time.

9. The method of claim 8, wherein a distance between the
substrate and each of the one or more furnace bodies during
the heat-up time 1s about 2 mm or less.

10. The method of claim 9, wherein the distance between
the substrate and each of the one or more furnace bodies
during the heat-up time 1s about 1 mm or less.

11. The method of claim 10, wherein the distance between
the substrate and each of the one or more furnace bodies
during the heat-up time 1s about 0.15 mm or less.

12. The method of claim 8, wherein a distance between
the substrate and each of the one or more furnace bodies
during the holding time 1s about 1 mm or more.
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13. The method of claim 12, wherein the distance between
the substrate and each of the one or more furnace bodies
during the holding time 1s about 2 mm or more.

14. The method of claim 13, wherein the distance between
the substrate and each of the one or more furnace bodies
during the holding time 1s about 4 mm or more.

15. The method of claim 14, wherein the distance between
the substrate and each of the one or more furnace bodies
during the holding time 1s about 9 mm or more.

16. The method of claim 2, further comprising;:

feeding a gas mto a space between the one or more
furnace bodies and the substrate, and

wherein lowering the amount of heat transfer comprises
reducing the heat conductivity of the gas, wherein
during the heat-up time a gas with a relatively high
thermal conductivity i1s fed into the space and during
the hold time a gas with a relatively low conductivity
1s Ted into the space.

17. The method of claim 1, wherein the one or more
furnace bodies comprises a first and a second furnace body,
wherein the first furnace body 1s opposite the second furnace

body and the substrate 1s accommodated between the first
and the second furnace bodies.

18. The method of claim 17, wherein the predetermined
furnace body temperature of the first furnace body 1s the
same as the predetermined furnace body temperature of the
second furnace body, wherein the second furnace body 1s
maintained at the predetermined furnace body temperature
throughout placing the substrate adjacent to and essentially
parallel to the one ore more furnace bodies, keeping the
substrate adjacent to the boundary surface and subsequently
removing the substrate.

19. The method of claim 17, further comprising;

emitting a gas toward the substrate from each of the first
furnace body and the second furnace body, wherein the
substrate 1s supported by emission of the gas without
being contacted by any mechanical support during the
heat up time.

20. The method of claim 1, wherein heating the one or
more furnaces bodies i1s performed before placing the sub-
strate adjacent to and essentially parallel to the one or more
furnace bodies.

21. A method for thermally treating a substrate, compris-
ng:

providing a first heated surface at a first temperature and
a second heated surface at a second temperature, the
first heated surface positioned facing the second heated
surface;

providing a substrate between the first and the second
heated surfaces:

heating the substrate to a desired substrate temperature
less than the first and the second temperatures;

reducing a transierence of heat between the substrate and
the first and the second surfaces after heating the
substrate to the desired substrate temperature, wherein
a set-point temperature for the first surface and a
set-point temperature for the second surface 1s not
reduced; and

performing a semiconductor fabrication process while
maintaining the substrate between the first and the
second heated surfaces after reducing the transference
ol heat.

22. The method of claim 21, wherein heating the substrate
comprises flowing a high thermal conductivity gas between
the substrate and the first and the second heated surfaces.
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23. The method of claim 22, wherein reducing a trans-
ference of heat comprises flowing a low thermal conductiv-
ity gas between the substrate and the first and the second
heated surfaces.

24. The method of claim 23, wherein the high thermal
conductivity gas comprises a gas chosen from the group
consisting of hydrogen gas and helium gas.

25. The method of claim 24, wherein the low thermal
conductivity gas comprises a gas chosen from the group
consisting of mitrogen gas and argon gas.

26. The method of claim 21, wherein reducing a trans-
ference of heat comprises distancing the substrate from the
first and the second surfaces.

27. The method of claim 21, wherein a distance between
the substrate and the first surface 1s equal to a distance
between the substrate and the second surface after distancing
the substrate from the first and the second surfaces.

28. The method of claim 21, further comprising emitting,
gas from both the first and the second surfaces towards the
substrate, wherein the substrate 1s supported between the
first and the second heated surfaces floating upon the emaitted
gas during heating the substrate, reducing a transference of
heat and performing a semiconductor fabrication process.

29. The method of claim 21, wherein the desired substrate
temperature 1s less than a higher temperature of the first and
the second temperatures by about 20° C. or more.

30. The method of claim 29, wherein the desired substrate
temperature 1s less than a higher temperature of the first and
the second temperatures by about 350° C. or more.

31. The method of claim 30, wherein the desired substrate
temperature 1s less than a higher temperature of the first and
the second temperatures by about 100° C. or more.

32. The method of claim 21, wherein performing a
semiconductor fabrication process comprises performing an
anneal.

33. The method of claim 21, wherein the substrate 1s
maintained between the first and the second heated surfaces
for 5 seconds or more after reducing the transference of heat.

34. The method of claim 33, wherein the substrate 1s
maintained between the first and the second heated surfaces
for 8 seconds or more aiter reducing the transierence of heat.

35. The method of claim 21, wherein a mass of each of the
first and second surfaces 1s more than about 10 times a
substrate mass.

36. The method of claim 21, wherein the mass 1s more
than about 40 times the substrate mass.

37. A method for semiconductor processing, comprising:

conductively heating a first thermal treatment substrate 1n
a reactor to a first thermal treatment temperature by
positioning the first thermal treatment substrate 1n close
proximity to a heated reactor surface;

substantially maintaining the first thermal treatment sub-
strate at the first thermal treatment temperature for a
first holding period in the reactor, wherein the first
thermal treatment temperature 1s less than a tempera-
ture of the heated surtace;

conductively heating a second thermal treatment substrate
in the reactor to a second temperature higher than the
first thermal treatment temperature by positioming the
second thermal treatment substrate in close proximity
to the heated reactor surface; and

substantially maintaining the second thermal treatment
substrate at about the second temperature for a second
holding period 1n the reactor,

wherein the reactor 1s configured to conductively heat
only one substrate at a time.
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38. The method of claim 37, wherein the first thermal
treatment substrate and the second thermal treatment sub-
strate 1s the same substrate.

39. The method of claim 38, further comprising:

removing the same substrate from the reactor and re-

loading the same substrate into the reactor before
conductively heating the second thermal treatment sub-
strate.

40. The method of claim 39, further comprising:

performing other processing aiter removing the substrate

and before re-loading the substrate.

41. The method of claim 40, wherein performing other
processing comprises performing a patterning process.

42. The method of claim 37, wherein conductively heat-
ing the first thermal treatment substrate occurs for less than
about 3 seconds.

43. The method of claim 37, wherein the holding period
1s about 5 seconds or more.

44. The method of claim 43, wherein the holding period
1s about 8 seconds or more.

45. The method of claim 37, wherein positioning the first
thermal treatment substrate 1n close proximity to the heated
reactor surface comprises positioning the first thermal treat-
ment substrate between the heated reactor surface and a
second heated reactor surface and wherein positioning the
second thermal treatment substrate in close proximity to the
heated reactor surface comprises positioning the second
thermal treatment substrate between the heated reactor sur-
face and a second heated reactor surface.
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46. The method of claim 37, wherein conductively heat-
ing the first thermal treatment substrate, substantially main-
taining the first thermal treatment substrate, conductively
heating the second thermal treatment substrate and substan-
tially maintaining the second thermal treatment substrate
comprises supporting the substrate 1n the reactor without
contact with any mechanical support.

47. The method of claim 46, wherein supporting the
substrate comprises flowing a gas upwards to bottom sur-
faces of the first and second thermal treatment substrates to
create a gas cushion.

48. The method of claim 37, wherein substantially main-
taining the first thermal treatment substrate at the first
thermal treatment temperature comprises allowing the first
thermal treatment temperature to rise by about 75° C. or less.

49. The method of claim 48, wherein substantially main-
taining the first thermal treatment substrate at the first
thermal treatment temperature comprises allowing the first
thermal treatment temperature to rise about 50° C. or less.

50. The method of claim 37, wherein the second tem-
perature 1s about a temperature of the heated surface.

51. The method of claim 50, wherein substantially main-
taining the second thermal treatment substrate at about the
second temperature comprises allowing a second thermal
treatment substrate to deviate from the temperature of the
heated surface by about 2° C. or less.
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